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BLACK CUTWORM BIOLOGY WITH JUSTIFICATION FOR STUDY 
The black cutworm, Agrotis ipsHon (Hufnagel), is a worldwide pest of 
many crops (Rings et al., 1975). Typically, the older larvae (beginning 
with the 4th instar larva) cut seedling plants at or below the soil sur­
face, usually at night. The younger larvae are diurnal and feed upon the 
foliage of host plants. Black cutworm damage can cause tremendous yield 
losses in corn, the principal economic host in Iowa (Showers et al., 1983). 
However, the occurrence of this pest is rather sporadic and unpredictable. 
Sherrod et al. (1979) determined that larvae damaging several Illinois 
cornfields probably hatched from eggs oviposited by females on weed seed­
lings growing in the fields before spring tillage and planting. Presum­
ably, the larvae became established on weeds in the early spring and dam­
aged the corn after tillage had removed their first food source. 
Predicting the occurrence of the damaging larval stages would aid en­
tomologists, consultants, and farmers in timing their spring scouting ac­
tivities for black cutworm (BCW) damage. To accomplish this task, ento­
mologists have created and developed a computer model that simulates BCW 
development (Troester et al., 1982). 
Phenological events, such as molting, are simulated by using degree 
days (i.e., physiological time). The growing degree-day concept is dis­
cussed later in the literature review. To be effective, the model must be 
initiated by some phenological event. Troester et al. (1982) and Levine 
et al. (1982) suggest initiating the model with the early spring appearance 
of the ovipositing females extrapolated from synthetic pheromone trap 
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captures of adult males. However, the correlation between female oviposi-
tional activity and male response to synthetic pheromone traps is assumed 
rather than known. Once initiated, the model is driven with temperature 
data that are used to compute the daily quantity of degree days. Transi­
tion from one stage to the next is simulated when the required accumula­
tion of degree days is achieved. The requisite degree days for BCW to 
reach specific stages was determined by Luckmann et al. (1976). They used 
the development of BCW fed meridic diet and subjected to constant tem­
peratures as a basis for computing the developmental threshold (the tem­
perature below which no development occurs) and the median number of Cen­
tigrade Degree Days (CDDs) required to attain each stage. 
Field validation of the BCW development model has been accomplished 
indirectly (Troester et al., 1982). Male capture in synthetic pheromone 
traps initiates the model. When enough CDDs have accumulated for the de­
velopment of BCW to cutting stages, researchers scout cornfields for BCW 
damage. In most cases, there is close agreement between the simulated 
stages and observed stages (Troester et al., 1982). A direct approach to 
field validation (i.e., surveillance of the same population through one 
life cycle) has not been attempted. 
Further, the assumption that diet and fluctuating temperatures do 
not influence the developmental rates or CDD requirements is built into 
the model. However, many factors can, and do, affect insect development 
rates. This issue is addressed in the following section. 
Despite voluminous research, the influence of fluctuating temperatures 
on BCW development is virtually unknown. Also, the existing BCW develop­
ment model is based upon development of individuals fed meridic diet. 
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There are no reports that compare BCW developmental rates on natural vs. 
meridie diet. Therefore, two possible sources of error, fluctuating tem­
peratures and diet, may decrease the biological accuracy of the present 
model. If these two factors can be eliminated as potential error sources, 
the validity of the model will be enhanced. Conversely, if fluctuating 
temperatures and diet do alter BCW developmental rates, their influence 
should be addressed by modelers and entomologists. 
The reader is referred to Kaster (1980) for a more detailed review of 
black cutworm biology and behavior. 
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LITERATURE REVIEW 
Numerous factors, independently or acting together, influence the 
rate of insect growth. The most important factors are shown in Table 1. 
Table 1. Factors that can influence insect growth rate 
1. Genetics of the individual or population 
2. Disease: Parasites, parasitoids, or pathogens 
3. Moisture: Soil or air humidity 
4. Population density 
5. Diet 
6. Temperature 
7. Photophase 
Genetics 
The genetic composition of individuals (or populations) will determine 
their growth and development. The ultimate effect of genetics on insect ' 
growth is expressed by diapause. Beck (1968) defines diapause as "... a 
genetically determined state of suppressed development In most in­
stances, diapause is mediated by environmental factors, such as tempera­
ture and photoperiod (Chapman, 1969), and is termed facultative diapause. 
Theoretically, obligatory diapause occurs when every generation undergoes 
diapause (Beck, 1968). 
Only one case of diapause in BCW has been reported. In Russia, 
Druzhelynbova (1976) found that high temperature and short (12 hrs) photo-
phase caused a lag in the sexual maturation of BCW females. 
Also, there are subtle genetic effects that manifest themselves in 
varied developmental rates among individuals from the same population 
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(Luckmann et al., 1976; Sharpe et al., 1977a; Butler et al., 1979; Uematsu, 
1980; Foley, 1981). 
Diseases 
Attacks of parasites, parasitoids, and pathogens may alter their in­
sect hosts' developmental rates, regardless of whether the hosts live or 
die. Bellmare and Belloncik (1981) reported that sublethal levels of a 
cytoplasmic polyhedrosis virus in Euxoa scandens caused a decrease in lar­
val developmental rates. Matter and Zohdy (1981) obtained similar results 
for Hellothis armigera larvae infected with Bacillus thuringiensis, John­
son and Lewis (1982) discovered that BCW larvae surviving sublethal doses 
of two nuclear polyhedrosis viruses had reduced early larval growth. How­
ever, the larvae seemingly recovered their health because their pupal 
weights were not significantly different from the untreated controls. 
Levi ne and Clement (1981) determined that BCW larvae parasitized by 
Bonnetia compta in the fourth and fifth larval instars had significantly 
shorter life cycles than unparasitized larvae. 
Moisture 
Several researchers have investigated the effect of moisture (either 
humidity or soil moisture) on BCW development. Nikolov (1978, 1980) re­
ported that varying the soil moisture did not affect the duration of the 
larval and pupal stages of BCW. However, he did discover that high (>50%) 
soil moisture levels caused greater mortality among BCW larvae and pupae. 
Further, Nikolov (1978) discovered that varying relative humidities 
had no effect on larval duration, but did affect larval survival. He re­
ported an optimum (lowest mortality) relative humidity of 60-90%. 
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Chandhary and Malik (1980) also determined, in India, that relative humidi­
ties of 30, 50, and 80% at four different constant temperatures did not af­
fect BCW development (egg, larval, and pupal stages). In Egypt, Fahmy et 
al. (1973) examined the developmental duration of BCW eggs, larvae, pre-
pupae, and pupae at three relative humidities (35, 60, and 85%) and four 
constant temperatures. Increasing relative humidity seemed to decrease 
larval development times. However, they reported that the length of larval 
period and relative humidity were not significantly correlated. They also 
concluded that relative humidity had no effect on the developmental times 
for pre-pupae or pupae within temperature regimens. 
Based on previous research, therefore, moisture does not significantly 
affect BCW developmental rates. However, moisture can affect survival of 
all pre-adult stages. 
Larval Density 
Several researchers outside the United States have investigated the 
effects of larval crowding upon several biological parameters, including 
development times. 
Zaher and Moussa (1962) examined the effect of solitary (1 larva/1 
liter container) vs. crowded (50 larvae/5 liter container) conditions on 
the appearance and biology of BCW in the laboratory. They found that 
crowding tended to slow the development (25.5 days for solitary larval 
period, 26.4 days for crowded larvae), although the differences were not 
statistically significant. Mansour and Dimetry (1972) reared BCW larvae at 
densities of 1, 3, 5, 10, and 25 individuals per 200 cm^ cage. They re­
ported no effect of larval crowding at the lower two densities. But, at 5, 
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10, and 25 larvae per cage, the larval and pupal periods were significant­
ly longer. Thus, it seems that BCW larval density has a direct relation­
ship to larval and pupal periods. However, density probably does not play 
a role in BCW development in nature, owing to the solitary habits of the 
larvae. 
Diet 
BCW, a polyphagous species, feed upon a variety of host plants (Rings 
et al., 1975). Researchers throughout the world have investigated the ef­
fect of larval diet on BCW development. 
In Egypt, El-Kifl et al. (1972) and Zaazou et al. (1973) examined di­
etary effects on various biological aspects of BCW growth and development. 
El-Kifl et al. (1972) reported that the larval duration varied considerably 
among several host plants. However, pupal duration was unaffected by diet. 
The larval stage was shortest for larvae fed alfalfa, Medicago sativa L., 
(20.9+0.32 days) and longest for larvae fed castor bean leaves, Ridnus 
communis L., (28.3±0.61 days) at 22.5°C. Larvae fed corn, zea mays L., had 
a mean duration of 22.3±0.38 days. Zaazou et al. (1973) examined the ef­
fect of eight host plants, including corn, on BCW development times. They 
concluded that larval duration was negatively correlated with percentage 
water and crude protein content. Corn with low water and low crude protein 
content seemingly caused 100 percent mortality of larvae. They further 
noted that carbohydrate and fat content of host plants did not affect BCW 
developmental rates. Pupal duration, similar to reports by El-Kifl et al. 
(1972), was unaffected by diet. 
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Nikolov (1977) reported that Beta vulgaris L., the beet, was the most 
suitable host plant for BCW among nine species tested. Suitability was 
defined in terms of the larval period; i.e., the shorter the period, the 
more suitable the host plant. Corn was the least suitable host. Larvae 
fed corn required 29.40±0.93 days for larval development. Nikolov (1977) 
also found no dietary effects upon BCW pupal duration, thus confirming the 
Egyptian results. 
In the United States, Busching and Turpin (1977) examined the effect 
of diet on survival and development of BCW. Fourteen crop and weed spe­
cies, along with fencerow debris and woodland floor debris, were fed to 
BCW larvae. They concluded that diet had a pronounced effect upon larval 
development times and survival. Wheat {Triticum aestivum L.), oats {Avena 
sativa L.), and lambsquarters {chenopodium album L.) caused the most rapid 
larval development (24.60± 2.17, 25.96±1.43, and 25.65±2.06 days, respec­
tively). However, larvae fed either bluegrass (poa pratensis L.), curled 
dock (Rumex crispus L.) or wheat had the highest survival (62.5% for all 
three species). In their experiment, a corn diet produced a larval dura­
tion of 27.00±2.34 days and 30% survival to pupation. Because the larval 
rearing was conducted under ambient greenhouse temperatures, BCW develop­
ment in their test cannot be compared with the Egyptian or Russian studies. 
In the preceding experiment, Busching (Curator of Invertebrates, Cincinna­
ti Zoo, unpublished data) recorded the average stage and number of surviv­
ing larvae at intervals of 2-6 days. For corn diet, most larvae underwent 
six molts. Further, most mortality occurred during the first three stadia 
(60%). 
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Temperature 
None of the previous factors surpass temperature in importance for in­
sect development. For years, entomologists have known that temperature is 
pivotal in determining the rate of development (Cook, 1927; Sanderson, 
1927; Rivnay, 1964; Luckmann et al., 1976). To explain the changes in de­
velopmental rates under different temperatures. Cook (1927), Chapman 
(1969), and Sharpe et al. (1977b) emphasized the influence of temperature 
upon metabolism (i.e., enzyme kinetics). Entomologists have taken advan­
tage of the Growing Degree Day (6DD) concept. Apple (1952) was one of the 
first entomologists to use GDDs in predicting the appearance of several 
stages of the European Corn Borer (ECB), ostrinia nubilaiis (Hubner), on 
canning corn in the midwestern United States. He used the following equa­
tion to compute the degree days: 
Daily Borer Degree Days = (m^ + m2)/2 - 50, 
where 
m^ = minimum daily temperature (if m^ <50, then m^ = 50); 
mg = maximum daily temperature (if m^ <50, then mg = 50). 
Accumulating the daily totals from the beginning of the years 1946-1951, 
Apple (1952) determined the degree day requirements for the ECB. Compar­
ing the actual and predicted times of ECB stages in central Iowa, he was 
within eight days of a given phenological event. In fact, 74% of the 
phenological events were predicted within three days of their actual oc­
currence. 
Numerous modifications of Apple's equation appear throughout entomo­
logical literature. Some adjust the equation to compensate for species 
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variation. For example, Allen (1976a) applied an upper limit of 31.7°C to 
the mg temperature because citrus rust mite, pyiiocoptruta oieivora 
(Ashmead), development ceased above that temperature. Conversely, Butler 
and Scott (1976) did not use an upper threshold for the corn earworm, 
Heiiothis zea (Boddie), but the lower threshold was set at 12.8°C. For 
BCW, researchers use just a lower threshold of 10.4°C (Luckmann et al., 
1976; Troester et al., 1982). 
To improve computational accuracy, some researchers have used sine-
wave interpolations between the daily minimum and maximum temperatures 
(Arnold, 1960; Allen, 1976b; Watanabe, 1978; Troester et al., 1982). 
Basically, the technique derives the area under a sine-wave that peaks at 
the daily maximum and valleys at the daily minimum. Some researchers be­
lieve the degree-day computations are enhanced because natural diurnal tem­
perature fluctuations approximate a sine-wave (Watanabe, 1978; Allen, 
1976b). In the BCW development model (Troester et al., 1982), a subroutine 
in the computer program (Table Al) calculates the daily Centigrade Degree 
Days from a modification of Allen (1975b). 
Exposure to fluctuating temperatures may cause an insect to develop 
faster when compared to development under a constant mean (Cook, 1927; 
Matteson and Decker, 1965; Miyashita, 1971; Foley, 1981). Such accelerated 
development jeopardizes the biological and functional accuracy of any de­
velopment model. 
Although several researchers have investigated the effects of constant 
temperature on BCW development (Bishara, 1932; Hasegawa and Chiba, 1969; 
Mangat, 1971; Nikolov, 1978; Chandhary and Malik, 1980), the effect of 
fluctuating temperatures has been ignored. 
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The general assumption is that the developmental rate of a species is 
a function of temperature. For most insects, the function approximates a 
logistic curve across the temperature range (Figure 1). However, the 
function is linear over the middle part of the temperature range. Conse­
quently, entomologists ignore the curvature at the extremes and use linear 
regression to describe the temperature/developmental rate phenomenon. The 
developmental rates (usually 1/T, where T = time in stage) for each stage 
at several temperatures is determined by rearing a species at different 
constant temperatures (Figure 2). By first substituting "0" for Y (the 
development rate) and then solving for X (the temperature), the base tem­
perature (i.e., that temperature below which no development occurs) is ap­
proximated. The mean number of degrees above the base temperature (also 
called the lower threshold) for a 24-hr period is called Degree Days, 
Heating Degree Days, or Growing Degree Days (Arnold, 1960). 
Figure 1. Relationship between temperature and development rate in in­
sects (from Keen and Parker, 1979) 
RATE OF DEVELOPMENT 
H 
m 
S 
•o 
m 
3> 
> 
H 
C 
3D 
m 
Figure 2. Developmental velocity (percent development per day) of the black cutworm as a linear 
function of temperature (from Luckmann et al., 1976) 
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PART I. THE EFFECT OF DIET AND CONTROLLED FLUCTUATING 
TEMPERATURES UPON BLACK CUTWORM 
DEVELOPMENTAL RATES 
17 
INTRODUCTION 
Temperature and diet probably exert more influence upon black cutworm, 
Agrotis ipsiion Hufnagel, developmental rates than any other factor. The 
effect of constant temperatures upon black cutworm (BCW) development is 
well-documented (Rivnay, 1964; Mangat, 1971; Olufade, 1972; Fahmy et al., 
1973; Blair, 1976; Luckmann et al., 1976; Nikolov, 1978; Chaudhary and 
Malik, 1980). Figures 3-5 summarize the existing knowledge about the ef­
fects of constant temperatures (15°C - 35°C) on BCW developmental rates 
for the egg, larval, and pupal stages. The subject matter in the report 
of Luckmann et al. (1976) is presumably closely related to development of 
BCW in Iowa by virtue of its geographical (Illinois) and temporal (1976) 
proximity. 
Many researchers around the world have investigated the effect of 
various host plants on BCW development (El-Kifl et al., 1972; Zaazou et 
al., 1973; Nikolov, 1977). Busching and Turpin (1977) conducted a dietary 
study using five crop species and nine weed species that are common in the 
midwestern United States. Two types of debris, woodland floor and fence-
row, were also examined. They used the number of days for larval and pupal 
development to measure the host's suitability. Corn, the principal eco­
nomic host in the Corn Belt, was not suitable for BCW. Busching and Turpin 
(1977) also reported on the relative effects of natural diets on BCW de­
velopment in the greenhouse. However, the influence of diet on development 
at various temperatures is unknown in the Corn Belt. 
The BCW development model that is used in Iowa's Integrated Pest Man­
agement Program is derived from research carried out at constant 
Figure 3. Worldwide summary of the effects of constant temperature on developmental rates for the 
egg stage of the black cutworm 
o Fahmy et al. (1973)  ^
• Olufade (1972) 
A Blair (1976) 
# Chaudhary & Malik (1980) * 
• Luckmann et al. T1976) Q 
• 
2 • 
• 
o 
• 
É 
0  5  1 0  1 5  2 0  2 5  3 0  3 5  
TEMPERATURE (°C) 
Figure 4. Worldwide summary of the effect of constant temperature on developmental rates for the 
larval stage of the black cutworm 
w o 
CO 
-3 
$ 02 
< 
.06 -
.05-
 ^ Rivnay (1964) 
O Fahmy et al. (1973) 
o Olufade (1972) 
A Blair (1976) 
• Chaudhary & Malik (1980) 
• Luckmann et al. (1976) 
ac O 
w 
z h-l H 
. 0 4 -
H 
h-i U 
o 
> 
z 
ë PL, 
o hJ CxJ 
> 
g 
.03-
.02 -
.01 -
0 -
10 
f 
IS 20 
TEMPERATURE (°C) 
A 
25 30 35 
Figure 5. Worldwide summary of the effect of constant temperature on developmental rates for the 
pupal stage of the black cutworm 
s 
>> 
H 
M 
u 
o 
> 
hJ 
% 
s 
CL, 
o hJ 
w 
> 
w Q 
W O 
PH 
Pi 
o 
.10 
.08 
.06 -
.04 
.02 -
A Rivnay (1964) 
O Fahmy et al. (1973) 
O Olufade (1972) 
A Blair (1976) 
# Chaudhary & Malik (1980) 
• Luckmann et al. (1976) 
ê 
A A  
• 
O 
0  
5 
I 
1 0 1 5 20 
TEMPERATURE (°C) 
A A 
ro 
CO 
25 
I 
30 
1 
35 
24 
temperatures with artificial diet as food (Troester et al., 1982). Several 
assumptions underlie the model (Table 2). 
Table 2. Underlying assumptions of the black cutworm developmental model 
(Troester et al., 1982) 
1. Air temperatures regulate development. 
2. Extremely high or extremely low temperatures have no detrimental ef­
fects on development. 
3. Photoperiodic effects are insignificant. 
4. Microclimates are not a significant factor within simulated areas. 
5. Development is not significantly altered by humidity. 
6. Variation of diet does not bias in-field development. 
7. Cohorts remain within the same general vicinity. 
8. Parasitism and prédation insignificantly bias population development. 
The two assumptions addressed in this research endeavor are: 
1) Diet variation does not influence BCW developmental rates. 
2) Fluctuating temperatures do not accelerate BCW development. 
Understanding these influences would allow modelers to refine the existing 
model and, thus, improve its accuracy. If the influences are nonsignifi­
cant, then the model will hopefully gain reliability and acceptance among 
potential users in the Corn Belt. 
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MATERIALS AND METHODS 
Two separate experiments ascertained the influence of diet and fluc­
tuating temperatures on BCW development. Both tests were designed as a 
split-plot with two blocks. Temperature regimens served as whole plots 
and diets comprised the split-plot. Further, in the data analyses, a 
second split, insect stage, was added (Figures 6 and 7). 
Although stage is a time factor that cannot be randomized, it can be 
considered a split if appropriate precautions are taken in the analysis of 
variance (Dr. Don Hotchkiss, Department of Statistics, Iowa State Univer­
sity, personal communication). Essentially, the nonrandomization of time 
causes the usual F-statistic to produce more significant results than nor­
mal. However, even in the most extreme cases, the nonrandomization of 
time does not significantly alter the F-statistic. 
The test insects in the first experiment had a multiple pedigree. 
First, feral moths were live-collected in two 15-watt standard survey 
blacklight traps during April. The females probably were mated at the 
time of their capture (Kaster and Showers, 1982); however, both females 
and males were confined within oviposition cages. Oviposited eggs were 
collected daily. The progeny of these feral moths were reared to adults 
according to a modification of Reese et al. (1972). Meanwhile, BCW larvae 
that were damaging a Polk Co., Iowa, cornfield were collected, reared to 
adults, and combined with the adult progeny of the feral moths. 
In the second experiment, time was used as a blocking factor. Conse­
quently, the F2 and Fg generations from a cross similar to the one for the 
first experiment were used in Block 1 and Block 2, respectively. 
Figure 6. Experimental design for the first Iowa laboratory study 
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Presumably, the insects that were used in the two experiments resembled 
feral BCW in biology and behavior (Mulder and Showers, 1983). 
Four Model CE-2 Percival ® incubators were used in both experiments. 
For the first test, one incubator in each block was programmed for a con­
stant 21.1°C temperature. The second incubator was programmed for a 4.4-
26.7°C thermoperiod (Figure 8) with the minimum temperature at 0600 hrs 
and the maximum at 1800 hrs. All incubators maintained a 14 hr:10 hr 
photophase:scotophase. Four wooden trays, each containing 64 30-ml clear 
plastic cups (32 in the back half and 32 in the front half), were placed 
into each incubator. Half of the cups within each location of all trays 
contained ca. 1 g of meridic diet (Reese et al., 1972), and the remaining 
cups contained corn seedling leaves (A619 x A632). The corn seedlings had 
developed between 2- and 6-leaves (Hanway, 1971). Staggered field plant­
ings of 100 seeds ensured an adequate supply of seedlings for the experi­
ments. Each cup was infested with one neonate BCW larva and an uni ami-
nated cardboard 1 id then was affixed to the cup. Corn leaves were re­
placed every other day. The meridic diet plugs were replaced weekly. All 
cups were examined daily and the stage of each BCW was ascertained. The 
presence of a cast head capsule or exuvium indicated a larval molt. A head 
capsule gauge was used to confirm the larval instar. 
The second experiment was conducted similarly; however, four differ­
ent temperature regimens were used (Figure 9). Also, the experiment was 
blocked twice over time, and only 32 larvae were used in each incubator. 
The wooden tray that held the cups was placed immediately under the tem­
perature sensor of a Bel fort® Cat. No. 5-594 hygrothermograph. 
Figure 8. Photoperiod, thermoperiod, and constant temperature used during 
the first laboratory study, Ankeny, Iowa 
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Figure 9. Photoperiods and thermoperiods used during the second labora­
tory study, Ankeny, Iowa 
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RESULTS AND DISCUSSION 
Only BCW that survived to adulthood were used in the data analyses. 
This removed any effect of disease or genetic defects on BCW development. 
An analysis of variance determined that the main effects of temperature and 
diet and the interaction between temperature and diet were nonsignificant 
for BCW survival. As a result, the data became unbalanced. Also, the ex­
periments included subsamples. In 1981, the data fit the criteria outlined 
by Snedecor and Cochran (1976) that allowed the analysis of variance of the 
unweighted means of the subsamples. However, the 1982 data did not fit 
Snedecor and Cochran's criteria; therefore, they were analyzed by the Gen­
eral Linear Models Procedure of the Statistical Analysis System (Goodnight, 
1980). 
The 1981 analysis of variance revealed a Stage by Temperature regimen 
interaction (Table A2). The interaction is shown graphically in Figure 10. 
The magnitude of the simple effect of temperature is small at the early 
stages but becomes larger at the older stages. Assuming a difference in 
developmental rates under the two temperature regimens, the compounding ef­
fect of the rate difference over time would explain the interaction. 
The F-statistic for Temperature regimen was not statistically signifi­
cant in 1981. Temperature is known to affect BCW developmental rates; 
therefore, this insignificance was an artifact caused by the sacrifice of 
precision in the whole plots (Temperature regimen)for the gain in preci­
sion in the split- (Diet) and split-split-plots (Stage). 
Figure 10. The Developmental Stage by Temperature regimen interaction 
in the first laboratory study, Ankeny, Iowa 
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The main effect of Diet was also nonsignificant. This suggests that 
the development times of BCW fed corn are similar to development times on 
artificial diet. 
The main effect of Stage v/as expected to be significant (Table A2) be­
cause it obviously took few days to develop to the early stages and many 
days to attain the later stages. 
In 1982, the analysis of variance results were similar to 1981 (Table 
A3). The significant Stage by Temperature regimen interaction is shown in 
Figure 11. The simple effects of temperature varied within stage. The 
main effect of Diet was nonsignificant and the main effect of Stage was 
significant (Table A3). 
An analysis of variance of the treatment means was performed to com­
pare Iowa's data with Luckmann et al. (1976). The pooled estimate of er­
ror was used to make the appropriate F-tests (Tables A4 and A5). The lack 
of significance for Experiment suggests that Iowa's data is comparable to 
Luckmann et al. (1976) for BCW development under 21.1° and 26.7°C. There­
fore, comparison of data for BCW development at constant temperatures 
(Luckmann et al., 1976) was compared to the Iowa data for fluctuating tem­
peratures. The results of the two Iowa studies were combined and the data 
for development of hypothetical median individuals were used. The days to 
each stage for median individuals was determined computationally. The 
cumulative percentage in each stage was regressed on time (days). The re­
sultant regression equations were used to compute the number of days for 
median (cumulative 50%) development. The developmental rate (percent de­
velopment per day) to each stage was determined for the hypothetical me­
dian individuals in the four fluctuating temperature regimens. The data 
Figure 11. The Developmental Stage by Temperature regimen interaction in the second laboratory 
study, Ankeny, Iowa 
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then were subjected to linear regression using the mean of the fluctuation 
for the independent temperature variable. Concurrently, the data of Luck-
mann et al. (1976) were regressed in a similar manner. The results are 
shown in Figures 12 to 18. Visually, it seems that developmental rates to 
each stage are greater at fluctuating temperatures than at constant temper­
atures. Further, the accelerative effect of fluctuating temperatures is 
greater at the lower, near-threshold temperatures (10.4°C) (Figure 1). 
Pradhan (1945) provided a mathematical explanation for accelerated develop­
ment under fluctuating temperatures. Pradhan (1945) also hypothesized that 
development would become more accelerated at temperature fluctuations near 
the developmental threshold. The Iowa data confirm Pradhan's theories. 
Comparisons of the slopes and elevations were conducted according to 
Snedecor and Cochran (1976). The F-statistics are shown in Table A4. Sur­
prisingly, the slopes for each pair of lines did not differ significantly. 
However, the elevation differed significantly for neonate-first molt and 
neonate-adult emergence. This suggests that the developmental rates under 
fluctuating temperatures were statistically greater than the developmental 
rates under constant temperature during the earliest and latest BCW stages. 
The excessive variability in BCW development to second molt through pupa­
tion under fluctuating temperatures (Figures 13-17) does not allow us to 
state with any statistical certainty that the developmental rates under 
fluctuating temperatures differ from developmental rates under constant 
temperatures. However, the statistically greater BCW developmental rates 
to first molt (Figure 12) and to adult emergence (Figure 18) under fluc­
tuating temperatures allow speculation that the developmental rates to in­
termediate events are greater under fluctuating temperatures. 
Figure 12. Black cutworm developmental rates for neonate — first molt 
at fluctuating and constant temperatures 
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Figure 13. Black cutworm developmental rates from neonate 
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Figure 14. Black cutworm developmental rates from neonate 
temperatures 
third molt at fluctuating and constant 
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Figure 15. Black cutworm developmental rates from neonate 
temperatures 
fourth molt at fluctuating and constant 
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Figure 16. Black cutworm developmental rates from neonate 
temperatures 
fifth molt at fluctuating and constant 
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Figure 17. Black cutworm developmental rates from neonate 
temperatures 
pupation at fluctuating and constant 
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Figure 18. Black cutworm developmental rates from neonate 
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CONCLUSIONS 
The laboratory studies reported in this section have important ramifi­
cations for BCW developmental research, both empirical and applied. BCW 
development on meridic diet did not differ from development on corn, the 
principal economic host in Iowa. Therefore, meridic diet can be used in 
BCW developmental rate experiments and the results can be extrapolated to 
field situations. 
The Developmental Stage by Temperature regimen interaction stressed 
the need for researchers to consider the dependence of development on tem­
perature as a complex process. This complexity was exemplified when the 
developmental rates under fluctuating temperatures were compared to rates 
under constant temperatures. Fluctuating temperatures accelerated BCW de­
velopment, especially when the temperatures approached the theoretical 
threshold for development (10.4°C). The greatest effect of fluctuating 
temperatures occurred from neonate-first molt and neonate-adult emergence. 
The acceleration during the other developmental periods may be important 
to modelers. 
As BCW development models become more sophisticated, modelers may use 
stage-specific developmental rates. An understanding of how the rates 
vary with developmental period, and how fluctuating temperatures affect 
the rates, is important for improved, biologically accurate models. It 
is hoped that these laboratory studies will benefit modelers in their en­
deavors to provide models for empirical as well as applied, purposes. 
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PART II. BLACK CUTWORM FIELD 
DEVELOPMENT IN IOWA 
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INTRODUCTION 
In the past, field validation of black cutworm (BCW), Agrotis ipsiion 
(Hufnagel), development models relied on incomplete observations of field 
populations. First, the adult phase was detected in the spring with either 
blacklight or synthetic pheromone traps and the models were initiated when 
nightly adult captures exceeded a specified level (Troester et al., 1982). 
The model used daily minimum and maximum temperatures to compute Centigrade 
Degree Days (CDDs). Field surveys were initiated after sufficient CDDs for 
development to cutting larval instars (fourth - last instar) had been ac­
cumulated by the model. Subsequently, BCW age distributions from damaged 
fields were compared to the model's simulations. Often, there was close 
agreement between the actual biological data and the model (Troester et 
al., 1982). However, the agreement was better when synthetic pheromone 
male captures initiated the model than when blacklight captures of adult 
moths were used. Troester et al. (1982) and Levine et al. (1982) assumed 
that a correlation existed between synthetic pheromone male captures and 
female ovipositional activity. However, this relationship is undocumented. 
One reliable method of testing a development model is to start a field 
population at a known stage and then appraise the population's age struc­
ture over time. Concurrently, the model, using the appropriate input data, 
could provide the simulated age structure. Comparing the model's simula­
tion with the actual biological data would yield useful conclusions regard­
ing the model's accuracy. 
Because the BCW developmental model used in Iowa originated in Illi­
nois, field tests were conducted in Iowa to evaluate the model's 
59 
performance. In one series of experiments, BCW development during three 
times of the year was used to examine the model's performance under a 
variety of conditions: 
1) Temperatures occasionally dipping below the calculated threshold of 
10.4°C and short, increasing photophases (April 30-June 30); 
2) Temperatures always above the threshold with long, relatively 
stable photophases (June 15-August 4); 
3) Temperatures frequently going below the threshold and very short, 
decreasing photophases (September 22-November 15). 
Further, a second set of tests contrasted soil temperatures against 
air temperatures as model inputs. 
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MATERIALS AND METHODS 
The experiments were conducted during the sunmers of 1981 and 1982 on 
the Iowa State University Research Farm, Ankeny, Iowa. The BCW used in 
the tests were obtained from a laboratory colony maintained on the research 
farm at the USDA-ARS Corn Insects Research Unit. Test insects were reared 
according to a modification of Reese et al. (1972) and were never more than 
three lab generations removed from the wild before use in the studies. It 
was assumed that the genetic composition of the test insects approximated 
the feral population in Iowa (Mulder and Showers, 1983). 
The first studies tracked BCW development in weather shelters during 
the spring, summer, and fall. Three locations were used during each sea­
son's "run." In 1981, 54 isolated BCW neonates were placed into each 
weather shelter to initiate the summer run. In 1982, 56 neonates were 
used in the spring and fall runs. 
Each newly hatched larva was put into a 30 ml plastic cup containing 
ca. 1 g of meridic diet (Reese et al., 1972). An unlaminated cardboard lid 
secured the larva in the cup, yet allowed respiratory moisture to escape. 
This prevented an excessive accumulation of moisture inside the cup that 
can alter larval survival and growth (see Literature Review). The cups 
were arranged around a Bel fort® Cat. No. 5-594 hygrothermograph so that 
the most distal ones were only 30 cm from the temperature sensor. 
The larvae were scrutinized every 2-3 days until adult emergence. The 
presence of an exuvium and cast head capsule within a cup indicated a lar­
val molt and the date was recorded. Occasionally, a BCW head capsule gauge 
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aided in larval instar determination. Also, the dates of death and the 
sex of the survivors were noted. 
Concurrently, a recording hygrothermograph within each weather shelter 
procured the daily temperature fluctuations. The minimum and maximum tem­
peratures from each location were entered into a FORTRAN computer program 
(Table Al) modified from Troester et al. (1982) and the daily, and accumu­
lated CDDs were combined with the developmental data of Luckmann et al. 
(1976) to create a simulation of the cohorts within each weather shelter. 
The second set of field trials attempted to evaluate soil temperatures 
against air temperatures as appropriate model inputs. Two relatively un­
successful attempts to establish BCW populations in confined plots were 
made in 1981. In the first endeavor, ca. 500 wheat seeds of an unknown 
variety were planted in aluminum pans containing unsterilized field soil. 
The pans measured 35.6 cm wide and 10.2 cm deep. A 7.6 cm diameter 
screened hole in the bottom of the pan drained any excess moisture. The 
hole also allowed water to migrate readily between the pan and the external 
soil after the pans were placed into the field. Pans were watered daily 
to aid in seed germination. Upon seedling emergence, the pans were taken 
to the field and placed flush with the ground in three blocks with seven 
pans per block. 
Twenty BCW neonate larvae were introduced into each pan of wheat seed­
lings on June 22. The food source within each pan was assumed to aid in 
larval retention. BCW emigration from the pans, however, was not measured. 
Weekly, one randomly selected pan per block was removed from the field and 
the contents were examined in the lab. The number and stages of recovered 
BCW were recorded at each examination. 
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A second attempt to establish a BCW field population was undertaken 
on July 21, 1981. Twenty O.Sl-m^ plots were arranged into four blocks of 
five plots. Aluminum roof flashing, 45.70 cm tall x 0.79 mm thick, was in­
serted 15.0 cm into the ground around each plot. The barriers prevented 
larval escapes from the plots and helped deter rodents from entering the 
plots to feed on the corn seedlings. Two rows of eight single-cross hybrid 
corn seeds (A619 x A632) were planted into every plot on July 21, July 26, 
and July 30. The staggered plantings ensured an adequate supply of coleop-
tile -5 leaf seedlings (Hanway, 1971) for larval consumption. Any corn 
plants attaining 6 leaves (Hanway, 1971) or greater were removed, because 
Showers et al. (1983) reported that BCW larvae had difficulty manipulating 
6-leaf or larger corn plants. 
When the earliest corn planting reached the 2-leaf stage (August 2), 
each plot was infested with third instar BCW at a density of 0.5 larvae 
per plant. Before the infestation, the larvae were reared on meridic diet 
(Reese et al., 1972). The combination of young corn and late instars simu­
lated the natural corn/BCW relationships during an outbreak Iowa spring 
(Stockdale, 1981). 
The top 15.0 cm of soil, including plants, was removed at intervals of 
five to nine days from one randomly selected plot in each block. The soil 
and seedlings were examined in the laboratory and each recovered BCW was 
counted and larval age assessed by using a head-capsule gauge. 
After the passage of 270 CDDs from the infestation date, presumably 
pupation had occurred and all unexamined plots were covered on August 29 
with a fine mesh plastic screen. The covered plots were visibly searched 
weekly until September 30 for adult emergence. 
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For both 1981 field experiments, a Bel fort® No. 5-594 hygrothermo-
graph and a Bel fort® No. 5-1100 thermograph recorded the air and soil tem­
peratures, respectively. Both instruments were housed in a weather shelter 
ca. 1.2 m above the field surface. The soil temperature probe was located 
5 cm deep within an experimental plot during each experiment. 
During 1982, a third attempt was made to establish and assess BCW 
field development. The intent was to simulate cornfield ecology before and 
after corn emergence. Sherrod et al. (1979) suggested that BCW females 
oviposit on weeds in untilled cornfields in the spring. The larvae hatch 
and begin feeding on any available weed seedlings. Subsequent tillage 
and planting by the farmer replaces the original hosts (weeds) with corn. 
Consequently, the larvae feed on the emerging corn and cause extensive 
damage by cutting the plants at, or below, the soil surface. To simulate 
these events, BCW were established on weeds. Later, the weeds were re­
placed with corn. 
Plots, 1.8 m^, were arranged in four blocks of eight. Blocks and 
plots within a block were separated by 1.8 m. Previously described alumi­
num barriers surrounded each plot. Giant foxtail seeds {setaria faberii 
L.) were sown into every plot on June 10. A light raking incorporated the 
seeds into the top soil layer. Plots were irrigated on June 14 and June 
17 with 15 liters of water to facilitate weed seed germination. The fox­
tail began emerging on June 17. 
Initially, all plots were infested with first instars that fed 
on meridic diet for six hours before release. The diet plugs, each sup­
porting 100 larvae, were put into the center of every plot on the evening 
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of June 29. During the night, the larvae fled the drying plugs and dis­
persed within the plots. All plugs were removed from the plots on the 
morning of June 30. The weed seedlings were the only food source for the 
larvae. It was assumed that a violent thunderstorm on July 6 (4.1 cm of 
precipitation) killed all the larvae within the plots. Therefore, each 
plot was reinfested with 100 early second instars on the evening of July 7. 
The larvae fed on meridic diet from hatch to field infestation. Larval 
introduction into the plots proceeded in a manner similar to the June 29 
infestation. 
All weeds were removed from the plots on July 12. Aside from giant 
foxtail, the plots contained horsenettle {soianum caroiinense L.) and pig­
weed {Amaranthus albus L.). The same day, a corn hybrid (A619 x A632) was 
hand-planted at a density of 36 plants per plot. A second planting of 
corn on July 20 ensured plenty of seedling corn for larval consumption. 
Two BCW larval traps were placed into one plot of each block on July 
12. All components of the traps were similar to those of Story and 
Keaster (1981), except that the wheat seedlings in each trap were re­
placed by eight applicator sticks (3 mm x 127 mm) painted green. The modi­
fied trap was easier to assemble, yet the green sticks presumably replaced 
the wheat seedlings as a visual cue (F. Z. Whitford, Dept. of Entomology, 
Iowa State University, personal communication). Trapping proceeded the 
nights of July 12-13, 13-14, and 14-15. All traps were examined daily for 
BCW larvae. On July 20, four larval traps (one per quadrant) were placed 
into a second plot in each block. Also, all corn plants within each moni­
tored plot were removed to avoid competing with the traps for BCW larvae. 
The traps were operated July 20-21 and July 21-22. By August 2, some of 
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the BCW were suspected of pupating. Consequently, the larval trapping 
method was discarded in favor of visual searching within one plot from 
each block. In addition to the corn plants, all soil to a depth of ca. 
20.5 cm was exhaustively searched. The remaining four plots in each block 
were covered with 1.8-m^ cages. 
A BCW synthetic pheromone trap (Kaster and Showers, 1982) within each 
cage monitored adult emergence. 
During the 1982 field test, the Bel fort® instruments described pre­
viously recorded the air and soil temperatures. The soil temperature 
probe was placed ca. 7.6 cm below the soil surface. Contrary to 1981, the 
probe was located in the ground outside the plots. The temperature data 
were entered into the BCW development model to test its accuracy under 
simulated field conditions. 
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RESULTS AND DISCUSSION 
The observed stages of BCW in the weather shelters and the expected 
stages as simulated by the development model are shown for each examina­
tion date in Tables 3-5. In all cases, the BCW development model tended to 
simulate phenological events later than reality. 
Many of the discrepancies can be attributed to the simplicity of the 
model. It uses the Centigrade Degree Day (CDD) requirements for BCW pheno­
logical events reported by Luckmann et al. (1976). The CDD requirements of 
median individuals are used for the event simulations (Troester et al., 
1982). The model ignores the variability among development times of indi­
viduals (Figures 19-21) and, therefore, fails to simulate BCW that develop 
slower or faster than median individuals. Typically, the variability 
causes developmental stages to overlap, especially during periods of popu­
lation transition between two stages (Sharpe et al., 1977a). Although the 
Iowa data did not overlap extensively, the trends certainly existed (Fig­
ures 19-21). 
To remove problems caused by variable development times, the days for 
hypothetical median individuals to develop within the weather shelters was 
compared to the model's simulations. This was considered a fair way to 
evaluate the model's performance in the field. The days for median indi­
viduals to develop to each stage were obtained computationally. The cumu­
lative percentage of individuals in a stage was regressed onto time (days). 
The resultant equations were used to estimate the time to each stage for 
median individuals. 
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Table 3. The expected® and observed stages of black cutworms feedina on 
meridic diet in weather shelters on the Iowa State University 
Research Farm, Ankeny, Iowa. Spring, 1982 
Site 1 Site 2 Site 3 
Expected Observed Expected Observed Expected Observed 
Date stage stage(s) stage stage(s) stage stage(s) 
5- 3 1 1 1 1 1 1 
6 1 2 1 2 1 12 
8 2 2 2 2 2 2 
10 2 3 2 3 2 23 
12 3 34 3 34 3 34 
14 4 4 3 4 3 34 
17 4 45 4 45 4 45 
19 5 56 4 56 4 456 
21 5 56 5 56 5 56 
24 5 56 5 56 5 56 
26 5 56 5 56 5 56 
28 6 6 5 6 5 6 
31 6 6 6 6 6 6 
6- 2 6 6 6 6 6 6 
4 6 6 6 6 6 6 
7 6 6P 6 6P 6 6P 
9 6 6P 6 6P 6 6P 
11 6 6P 6 6P 6 6P 
14 P P 6 P 6 P 
16 P P 6 P 6 P 
18 P P P P 6 . P 
21 P P P P P P 
23 P P P P P P 
25 P P P P P P 
28 P P P P P PA 
30 P P P P P PA 
Based on Centigrade Degree Day requirements as reported by Luckmann 
et al. (1976). 1 = first instar, 2 = second instar, etc., P =. pupa, A = 
adult. 
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Table 4. The expected and observed stages of black cutworms feeding on 
meridic diet in weather shelters on the Iowa State University 
Research Farm, Ankeny, Iowa. Summer, 1981 
Site 1 Site 2 Site 3 
Expected Observed Expected Observed Expected Observed 
Date stage stage(s) stage stage(s) stage stage(s) 
6-17 1 1 1 1 1 1 
19 1 12 1 12 1 12 
22 2 23 2 23 2 23 
24 3 3 3 3 3 3 
26 3 4 4 34 3 4 
29 4 5 5 45 4 5 
7- 1 5 56 5 456 5 56 
3 5 6 6 456 5 6 
6 6 6 6 56 6 6 
8 6 6 6 6 6 6 
10 6 6P 6 6P 6 6P 
13 6 P P 6P P P 
15 P P 6P P P 
17 P P 6P P P 
20 A P P P P 
22 A P P P PA 
24 A PA P P P PA 
27 A PA P P P PA 
29 A A P P P PA 
Based on Centigrade Degree Day requirements as reported by Luckmann 
et al. (1976). 1 = first instar, 2 = second instar, etc., P = pupa, A = 
adult. 
'^Data missing at Site 1 for June 15, 17, 20, 22. 
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Table 5. The expected® and observed stages of black cutworms feeding on 
meridic diet in weather shelters on the Iowa State University 
Research Farm, Ankeny, Iowa. Fall, 1982 
Site 1 Site 2 Site 3 
Expected Observed Expected Observed Expected Observed 
Date stage stage(s) stage stage(s) stage stage(s) 
9-24 1 1 1 1 1 1 
27 1 1 1 1 1 1 
29 1 12 1 1 1 12 
10- 1 2 2 2 2 2 23 
4 3 23 3 3 3 23 
6 3 34 3 34 3 34 
8 3 34 3 34 3 34 
11 3 34 4 4 3 345 
13 3 4 4 4 3 45 
15 4 4 4 45 4 45 
18 4 45 4 45 4 45 
20 4 45 4 45 4 45 
22 4 45 4 45 4 45 
25 4 45 4 45 4 45 
27 4 45 5 45 4 45 
29 4 45 5 45 4 45 
11- 1 4 5 5 456 4 56 
3 5 56 5 456 4 56 
5 5 56 5 456 4 56 
8 5 56 5 456 5 56 
15 5 56 5 56 5 56 
^Based on Centigrade Degree Day requirements as reported by Luckmann 
et al. (1976). 1 = first instar, 2 = second instar, etc. 
Figure 19. Cumulative Centigrade Degree Day development (base 10.4°C) for each black cutworm life 
stage. Spring, Ankeny, Iowa (2 = second instar, 3 = third instar, ... P = pupa, A = adult 
emergence) 
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Figure 20. Cumulative Centigrade Degree Day development (base 10.4°C) for each black cutworm 
stage, Sunrner, Ankeny, Iowa 
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Figure 22 shows the results of the comparisons by season. In most 
instances, the model's simulation was later than the biological data. In 
fact, the model did not simulate an event earlier than an observed event 
within the weather shelters. Seemingly, the BCW populations in the weather 
shelter developed faster than the model predicted. Assuming no differences 
between the test insects in Illinois and Iowa, the lack of agreement be­
tween the model and actual field events can be explained by BCW development 
under fluctuating field temperatures. Evidence from another part of this 
dissertation suggests that BCW developmental rates under fluctuating tem­
peratures are greater than BCW development under constant temperatures. 
Therefore, the disparity between the BCW development model and the 
biological data from the weather shelters was caused by two factors. 
First, the model did not allow for developmental variability within the 
populations. Thus, individuals that developed either fast or slow were 
not properly simulated. This accounted for much of the differences. 
Further, the model was based on constant temperature influences on BCW de­
velopment. However, evidence from other Iowa studies indicates that fluc­
tuating temperatures may accelerate developmental rates. Consequently, 
naturally fluctuating temperatures in the weather shelters caused the BCW 
to develop faster than anticipated by the model. 
The weather shelter results were examined for photoperiodic effects 
on BCW development. The average CDDs across locations for median popula­
tion development to each stage were determined for each time of the year 
(Table 6). 
An analysis of variance was also performed (Table A7). The purpose 
was to examine the influence of season, specifically spring and summer, on 
Figure 22. Development of BCW in three weather shelters compared to the BCW development model's 
simulation, during three Iowa seasons (2 = second instar, 3 = third instar, ... P = pupa, 
A = adult) 
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BCW development. The lack of a significant Stage x Season interaction sug­
gests that the CDD requirements for BCW development do not change with the 
two seasons. 
Table 6. Average number of Centigrade Degree Days for median individuals 
to attain second instar through adult during three different 
seasons in Iowa 
Season 
Second 
instar 
Third 
instar 
Fourth 
instar 
Fifth 
instar 
Sixth 
instar Pupa Adult 
Spring 31.3 62.2 105.7 135.0 172.0 288.3 482.3 
Summer 29.9  56.4 105.9 141.0 184.4 331.9 532.2 
Fall 49.4 73.8 103.9 149.7 
Development in Simulated Fields 
The first attempt at establishing BCW populations failed. Only one 
late, fourth instar was recovered seven days post-infestation. The model 
did not predict fourth instars until eight days post-infestation. However, 
the difference of one day between the model's simulation and the observed 
stage can hardly be considered significant. Examination of a pan from each 
block on day sixteen of the experiment yielded no BCW. Further, the wheat 
seedlings began to die despite efforts to keep them alive. Consequently, 
the experiment was terminated. 
The second endeavor in 1981 netted some results (Table 7). Larvae 
were recovered five and fourteen days post-infestation. However, attempts 
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to recover BCW after August 16 proved futile. Presumably, the BCW 
in the plots did not survive beyond fourteen days despite an adequate sup­
ply of corn seedling hosts. Escape from the plots was unlikely because 
the aluminum barriers around each plot should have prevented escapes. It 
seems, therefore, that mortality explains the decline in percent recovery 
over time (Table 7). 
Table 7. The percent recovery, observed stages, and expected stages (from 
the black cutworm model, of black cutworms sampled at various 
times in barriered plots in 1981 
Expected stage^ 
(No. - stage) 
Percent Observed stages^ Air . Soil 
Date recovery (No.) stage temp. temp. 
Aug. 7 37.5 (1) 4th 3rd 3rd 
(11) 5th 
Aug. 16 12.5 (1) 5th 5th 5th 
(3)  6th 
Aug. 21 0.0 --- - 6th 6th 
^4th = fourth instar larva, 5th = fifth instar larva, 6th = sixth in-
star larva. 
^Expected stages computed by model using air temperatures. 
^Expected stages computed by model using soil temperatures. 
A comparison between air and soil temperatures indicated that the 
simulations developed by the model were similar (Table 7). Further, the 
model continually simulated events in the plots later than they were ob­
served (Table 7). All but one recovered larva on August 7 were fifth 
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instar. However, the model simulated third instars on that date. Inci-
dently, the model did not begin simulating fifth instars until August 14. 
On August 15, three of the four recovered larvae were in the sixth stadi­
um. Because BCW were not recovered from the plots after August 16, evalu­
ations of the model's performance ceased. 
The results of the 1982 field development tests were different than 
those of 1981. Although percentage survival to the cutting stages was less 
than in 1981, surviving individuals lived longer (Table 8). In contrast to 
1981, the model simulated events earlier than they occurred within the 
field plots. The model's simulations with air and soil temperatures close­
ly matched the observed stages during the July 13-15 trapping period. One 
week later, however, the majority of the recovered BCW were fifth instar 
larvae, yet the model simulated sixth instar larvae. Likewise, the model 
simulated either seventh instar larvae (using air temperatures) or pupae 
(using soil temperatures) on July 26, but most recovered BCW were sixth in-
star larvae. On August 2, BCW forms were not discovered within any of the 
examined plots. Further, adult males were not captured in the synthetic 
pheromone traps between August 3 and late October. Thus, the BCW probably 
perished after the July 26 examination. 
The question arises: Why did the model perform differently in 1981 
than in 1982? An examination of the precipitation data for each year may 
provide the answer. In 1981, 5.1 cm of precipitation fell the night before 
the infestation (Table A5). However, no further rainfall occurred during 
the experiment. In contrast, during the 1982 field study, there was peri­
odic rainfall that totalled 16.2 cm (Table A5). During the field trials, 
therefore, the soil moisture in 1982 was much greater than in 1981. Archer 
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et al. (1980) provided the only United States data for soil moisture ef­
fects on BCW development. However, they did not report the effects, if any 
of soil moisture upon BCW developmental rates. Consequently, the effects 
are unknown. The Iowa field tests suggest that soil moisture may alter 
BCW developmental rates. This phenomenon was not within the scope of the 
research project. Thus, it remains a hypothesis. 
Table 8. The percent recovery, observed stages, and expected stages (from 
the black cutworm model) of black cutworms sampled at various 
times in barriered plots in 1982 
Expected stage 
(No. - stage) 
Percent Observed stages® Air^ Soil^ 
Date(s) recovery (No.) Stage temp. temp. 
July 13-15 7.75 (6) 2nd 4th 4th 
(10) 3rd 
(13) 4th 
(1) 5th 
(1) 6th 
July 20-20 4.25 (4) 4th 6th 6th 
(9) 5th 
(4) 6th 
July 26 7.00 (6) 5th 7th Pupa 
(14) 6th 
(8) 7th 
August 2 0.00 - •  — Pupa Pupa 
^2nd = second instar, 3rd = third instar, etc. 
^Expected stages computed by model using air temperature. 
^Expected stages computed by model using soil temperature. 
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CONCLUSIONS 
The results of the Iowa studies indicate that the BCW development 
model used in Iowa is slightly inaccurate. Development of BCW in the 
weather shelters and in one of the field tests was faster than the model 
simulated. Further, the field validation of the model allows speculation 
that soil moisture may affect BCW developmental rates. Additionally, it 
seems that the varying daylengths of the spring, summer, and autumn do not 
affect BCW development. 
Interestingly, soil temperatures and air temperatures performed simi­
larly in the model. This implies that air temperatures, usually more 
readily available than soil temperatures, can be used as reliable tempera­
ture input for the model. For popular use, further refinements of the 
model may not be necessary. Such evaluations can be made, however, only 
after widespread use by entomologists. Extension Service personnel, con­
sultants, and farmers. But, researchers in Iowa and other Corn Belt states 
may need to modify the existing model to improve its biological accuracy. 
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PART III. THE IOWA MODIFICATION OF THE 
ILLINOIS BLACK CUTWORM 
DEVELOPMENTAL MODEL 
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INTRODUCTION 
Parts I and II of this dissertation reveal discrepancies in the BCW 
developmental model when it is used in Iowa. Several factors may con­
tribute to the model's inability to accurately simulate BCW development in 
Iowa. First, the model assumes a simple linear relationship between de­
velopmental rates and temperature. Thus, it tends to underestimate devel­
opmental rates, especially at lower, near-threshold temperatures (Hilbert 
and Logan, 1983). Further, the laboratory studies of Part I suggest that 
developmental rates are slightly accelerated when BCW are reared under al­
ternating temperature regimens. However, the model used in Iowa's IPM pro­
gram is based upon BCW development under constant temperatures. Conse­
quently, the model should simulate developmental events later than reality 
under field conditions. This supposition was confirmed by the field ex­
periments reported in Part II. 
Although Troester et al. (1983) reported successful forecasting of 
BCW damage in Illinois with the developmental model, the experience in Iowa 
has not been as satisfactory. Therefore, a modification of the existing 
model for use in Iowa seems appropriate. 
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MATERIALS AND METHODS 
A modification that was simple and did not necessitate an extensive 
alteration of the original model was deemed most desirable. The Centigrade 
Degree Day (CDD) information for BCW development in the weather shelters 
(Table 6) served as the basis for the modification. Averaging the field-
determined CDD requirements across seasons resulted in a set of new, small­
er CDD requirements for BCW development in Iowa (Table 9). 
Table 9. The field-determined Centigrade Degree Day (CDD) requirements 
for median BCW development compared to the laboratory-determined 
CDD requirements as reported by Luckmann et al. (1976) 
Event 
Source 1st 2nd 3rd 4th 5th Pupation Emergence 
molt molt molt molt molt 
Laboratory 47 82 118 156 209 353 591 
Field 37 64 105 142 178 310 507 
The modified model was then used to simulate BCW development in the 
weather shelters during the three seasons in Iowa. The simulations using 
the original model and the Iowa-modified model were then compared. 
RESULTS AND DISCUSSION 
Table 10 shows the comparisons between the actual events, the simu­
lated events using the original model, and the simulations of the modified 
model for each season in Iowa. As stated previously, the original model 
was consistently late in simulating actual BCW development in the weather 
shelters. The discrepancies between the observed data and the original 
model are especially large for the later events. On the other hand, the 
modified model's simulations are much closer to reality and, in fact, 
never deviate more than three days from the observed events. The model's 
accuracy for the Iowa field data has been improved by a simple modifica­
tion of the CDD requirements for the various BCW developmental events. 
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Table 10. BCW developmental events observed in weather shelters and simu­
lated by the original and modified developmental models 
Days to stage 
Original Modified 
Season Event Observed. model Deviation model Deviation 
Spring 1st molt 5 8 + 3 6 +1 
2nd molt 9.7 11.7 + 2 10.7 +1 
3rd molt 14 15.7 + 1.7 14.7 + .7 
4th molt 17.7 20.0 + 2.3 19.3 +1.6 
5th molt 23 29.0 + 6 25 +2 
Pupation 40.7 48.7 + 8 43.7 +3 
Emergence 61.3 76.7 +15.4 63.7 +2.4 
Summer 1st molt 3 5 + 2 4.3 +1.3 
2nd molt 5.7 8 + 2.3 7 +1.3 
3rd molt 10 11.7 + 1.7 10.7 +0.7 
4th molt 12.7 14 + 1.3 13.7 +1 
5th molt 16 18 + 2 16.3 +0.3 
Pupation 26 27 + 1 25.7 -0.3 
Emergence 39 46 + 7 37.3 -1.7 
Autumn 1st molt 7.7 7.7 0 7 - .7 
2nd molt 10.3 11.7 + 1.4 9 -1.3 
3rd molt 15.0 20.7 + 5.7 16.3 +1.3 
4th molt 29.7 40 +10.3 32 +2.3 
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CONCLUSIONS 
Modifying the BCW developmental model has improved its ability to 
correctly simulate BCW development in the field trials. However, the modi­
fied model has not been adequately field tested in Iowa. Only after sever­
al seasons of testing will its potential usefulness in Iowa be known. 
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SUMMARY 
Laboratory and field studies conducted in Iowa investigated two fac­
tors that may influence BCW developmental rates: diet and fluctuating 
temperatures. 
In the laboratory, BCW were reared at four, sine-wave temperature 
fluctuations (4.4 -26.7°C, 10.0 -26.7°C, 15.6 -26.7°C, 18.3 -26.7°C) and 
two constant temperatures 21.2°C, 26.7°C). Additionally, individual larvae 
were fed either seedling corn leaves or a meridic diet. Developmental 
rates were unaffected by diet. As expected, however, developmental rates 
varied with temperature regimens. The developmental rates under the two 
constant temperature regimens agreed with findings of other researchers. 
BCW development in the Iowa studies was accelerated by the fluctuating 
temperatures when compared with developmental rates under constant temper­
atures. 
Black cutworm field development trials were conducted in Iowa to 
effectively assess the accuracy of the BCW developmental model that 
was used in the state. The model was based upon laboratory data for 
BCW developing on meridic diet under constant temperatures. The model did 
not perform accurately in the field trials. Similar to the laboratory re­
sults, BCW development was seemingly accelerated by fluctuating tempera­
tures. Consequently, the model predicted and simulated BCW phenological 
events much later than they actually occurred. 
A modified model for BCW development was proposed. The modification 
was simplified by merely altering the CDD requirements as determined in the 
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weather shelter studies. Although untested, the modified model may im­
prove BCW development simulation in Iowa. 
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APPENDIX 
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Table Al. The FORTRAN program that computed the daily and accumulated 
Centigrade Degree Days for black cutworm developmental simula­
tion 
$ JOB 
INTEGER DOT/'.7 
ACDD=0 
READ21,BASE 
21 FORMAT (F5.2) 
PRINT31 
31 FORMAT ( ' 1MOX, ' DATE ', 5X, ' MAX ', 5X, ' MI N '. 5X, ' DCDD ',5X,' ACDD ' ) 
1 READ11,M0,IDATE,XVAX,XMIN 
II F0RMAT{A4,A4,1X,F5.2,1X,F5.2) 
IF(M0.EQ.D0T)G0 TO 5 
IF(XMAX.GT.BASE)GO TO 13 
DCDD=0.0 
GO TO 4 
13 TAVG=(XMAX+XMIN)*0.5 
IF(XMIN.LT.BASE)GO TO 23 
DCDD=TAVG-BASE 
GO TO 41 
23 THETA=ARSIN((BASE-TAVG)/(XMAX-TAVG)) 
DUMl-(TAVG-BASE)*((3.14159/2)-THETA) 
DUM2-(XMAX-TAVG)*C0S(THETA) 
DCDD-(DUMl+DUM2)/3.14159 
41 DCDD=DCDD*5./9. 
4 ACDD=ACDD+DCDD 
PRINT14,M0,IDATE,XMAX,XMIN,DCDD,ACDD 
14 F0RMAT('0',8X,A4,A4,3X,F5.2,3X,F5.2,2X,F7.3,2X,F7.3) 
GO TO 1 
5 PRINT113 
113 FORMATd','THE END') 
STOP 
END 
$ENTRY 
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Table A2. Analysis of variance for he first Iowa laboratory study 
Source d. M.S. 
Block 1 1.40 
Temperature regimen 1 1,329.57 22.10 
Error A 1 50.15 
Diet 1 1.38 0.30 
Diet X Temperature regimen 1 8.93 1.95 
Error B 4.59 
Stage 7 19,908.76 1085.97** 
Stage x Temp, regimen 7 838.95 45.76** 
Stage x Diet 7 23.24 1.27 
Stage x Temp, regimen x Diet 7 19.15 1.04 
Error C 28 18.41 
**Denotes significance at the 0.01 level of probability. 
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Table A3. Analysis of variance for the second Iowa laboratory study 
Source d.f. M.S. F 
Block 1 137.88 1.07 
Temperature regimen 3 1,940.16 15.07* 
Error A 3 128.78 
Diet 1 11.02 .06 
Diet X  Temperature regimen 3 84.15 .43 
Error B 4 194.99 
Stage 7 14,635.83 612.63** 
Stage x Temp, regimen 21 128.21 5.37** 
Stage x Diet 6 217.16 9.09 
Stage x Temp, regimen x Diet 17 21.79 0.91 
Error C 51 23.89 
Sampli ng Error 584 
•Denotes significance at the 0.05 level of probability. 
**Denotes significance at the 0.01 level of probability. 
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Table A4. Analysis of variance of treatment means for Iowa and Luckmann 
et al. (1976) BCW development at constant 21.1°C 
Source df MS F 
Experiment 1 11.72 0.51 
Stage 6 584.74 25.70 
Experiment x stage 6 4.79 0.21 
Pooled error 79 22.78  
Table A5. Analysis of variance of treatment means for Iowa and Luckmann 
et al. (1976) BCW development at constant 26.7°C 
Source df MS F 
Experiment 1 3.41 0.14 
Stage 7 207.20 9.09 
Experiment x stage 7 0.43 0.02 
Pooled error 79 22.78 
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Table A6. F-statistics that test for differences between the slopes (F_) 
and elevations (Fr) of regression lines describing BCW de­
velopment at constant or fluctuating temperatures 
Development period Fs' 
neonate - 1st molt <0.01 7.13* 
neonate - 2nd molt 2.50 0.71 
noenate - 3rd molt 0.87 0.17 
neonate - 4th molt 0.22 0.14 
neonate - 5th molt 0.06 0.92 
neonate - pupation 0.57 0.50 
neonate - adult emergence 1.32 7.19* 
^Degrees of freedom = 1,8. 
^Degrees of freedom = 1,9. 
•Denotes significance at the 0.05 level of probability. 
Table A7. Analysis of variance of the CDD requirements for BCW develop­
ment in the weather shelters during the spring and summer sea­
sons at three locations in Iowa 
Source df MS F 
Location 2 5,481.8 1.18 
Season 2 147.1 0.03 
Location x season (error A) 4 4,613.7 
Stage 6 141,646.9 318.34** 
Stage x season 9 880.3 1.97 
Error B 28 444.9 
**Denotes significance at the 0.05 level of probability. 
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Table A8. Precipitation during the 1981 and 1982 BCW field experiments 
1981 — 1982 
Date Precip. (cm) Date Precip. (cm) 
2 5.08 7- 7 4.27 
3 0.00 8 0.00 
4 0.00 9 0.00 
5 0.00 10 0.76 
6 0.00 11 0.51 
7 0.00 12 0.00 
8 0.00 13 0.00 
9 0.00 14 0.00 
10 0.00 15 1.02 
11 0.00 16 3.81 
12 0.00 17 0.00 
13 0.00 18 5.59 
14 0.00 19 0.00 
15 0.00 20 0.00 
16 0.00 21 0.25 
22 0.00 
23 0.00 
24 0.00 
25 0.00 
26 0.00 
